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MetazoanRecent genome-wide surveys on ncRNA have revealed that a substantial fraction of miRNA genes is likely to form
clusters. However, the evolutionary and biological function implications of clustered miRNAs are still elusive.
After identifying clustered miRNA genes under different maximum inter-miRNA distances (MIDs), this study
intended to reveal evolution conservation patterns among these clustered miRNA genes in metazoan species
using a computation algorithm. As examples, a total of 15–35% of known and predictedmiRNA genes in nine select-
ed species constitute clusters under theMIDs ranging from1kb to 50kb. Intriguingly, 33 out of 37metazoanmiRNA
clusters in 56 metazoan genomes are co-conserved with their up/down-stream adjacent protein-coding genes.
Meanwhile, a co-expression pattern ofmiR-1 andmiR-133a in themir-133-1 cluster has been experimentally dem-
onstrated. Therefore, the MetaMirClust database provides a useful bioinformatic resource for biologists to facilitate
the advanced interrogations on the composition of miRNA clusters and their evolution patterns.
© 2012 Elsevier Inc. Open access under CC BY-NC-ND license.1. Introduction
MicroRNAs (miRNAs) are endogenous small non-coding RNA mole-
cules of 21–23nucleotides (nt) long in length. They play important roles
in gene regulation via the RNA interference pathway [1–4]. As a wide
range of investigations has been conducted onmiRNA genes, a consensus
scenario of miRNA biogenesis has been currently revealed. Initially,
miRNA genes are transcribed from intergenic or intronic regions by
RNA polymerase II [5] or III [6], and generate primary miRNA transcripts
(pri-miRNAs) in the nucleus [2]. Within the same organelle, these tran-
scripts are processed by theRNase III Drosha endonuclease,which is asso-
ciated with its co-factor DGCR8 complex, into precursor forms
(pre-miRNAs) about 70–90nt [7,8]. The canonical pre-miRNAs are
70–90nt long and fold-back to form stem-loop structures, which are
characteristic secondary structures of miRNAs. Subsequently, these
miRNA molecules are exported as single hairpins into the cytoplasm by
the aid of Exportin 5 (XPO5) [9]. Cleaved by another RNase III Dicer en-
zyme, pre-miRNA hairpins are processed into double-stranded matureformatics, National Yang-Ming
. Chan), mirrian@gmail.com
33@pchome.com.tw
iis.sinica.edu.tw (C.-N. Hsu),
-NC-ND license.miRNA duplexes [10]. Preferentially, one of the single-strand mature
miRNA is incorporated into the RNA-induced silencing complex (RISC)
or different ribonucleoproteins (miRNPs), while the remaining strand is
degraded rapidly [2,11]. Primarily depending on the degree of comple-
mentarity in sequences, the binding of miRNAs to the 3′ untranslated re-
gions (3′ UTR) of their mRNA targets gives rise to two down-regulation
mechanisms, mRNA degradation and translation repression. Up to date,
a number of examples of mRNA cleavage instances have been reported
in plant, and alternatively translation repression is the main mechanism
observed in animal cells.
A substantial amount of literature has demonstrated miRNAs as cru-
cial negative regulators in diverse physiological and developmental pro-
cesses at the post-transcriptional level. In 1993 when the ﬁrst miRNA
lin-4 was identiﬁed in Caenorhabditis elegans, the negative regulation
pair between lin-4 and its target lin-14 was thought of as an individual
case [12]. In fact, miRNAs have not gained the attention of researchers
until a second similar system of let-7 was observed in C. elegans [13],
and then its homologous transcripts were extensively investigated in an-
imal genomes. Thereafter, a considerable body of evidence suggests that
miRNAs play important gene-regulatory roles related to organism devel-
opment, cell differentiation, and tumor suppression and oncogenesis
[1,12,13]. Currently, newly discoveredmiRNAgenes either by experimen-
tal or computational approaches have steadily increased as evident by the
amount of records in the miRBase registry [14]. In recent years, many
studies have attempted to provide insight into the biogenesis, expression,
Fig. 1. Usage frequency of miRNA genes in clusters. Total miRNA genes for nine selected
representative species are 265 (worm), 302 (ﬂy), 551 (zebraﬁsh), 751 (chicken), 681
(dog), 869 (cow), 1021 (mouse), 722 (rat), and 1265 (human). By taking the total
number of miRNA genes used to generate clusters over all miRNA genes for individual
species, this ﬁgure presents the proportion of clustered miRNA genes with respect to
four different MIDs in nine representative species.
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Some well-studied examples in humans include, for instance, mir-196
which governs the cleavage of homeobox (HOX) gene clusters [15];
mir-375 which targets Myotrophin (MTPN), and both mir‐196 and mir‐
375 are related to glucose-stimulated insulin secretion and exocytosis
[16]; and mir-143 which regulates adipocyte differentiation [17]. All
these studies focused on the discovery of the biological functions of limit-
ed individual miRNA genes, not the clustered miRNAs.
Up until the present, a handful of miRNA clusters has been
reported in animal genomes. To the best of our knowledge, Altuvia
et al. was the ﬁrst group that identiﬁed conserved regions of miRNA
clusters systematically [18]. Then, Yu et al. [19] adopted the same
method to enlarge the extent of conserved miRNA cluster, and thus
checked the expression proﬁle of identiﬁed human miRNA clusters.
To group two or more miRNA genes in chromosomal distance within
at most 3000nt, they used available 326 human miRNA genes from
the miRBase registry for clustering analysis. Finally, they identiﬁed
51 clusters composed of 148 miRNA genes and created 9 distinct
paralogous clusters. Furthermore, accumulating studies have illus-
trated that clustered miRNA genes located on polycistronic tran-
scripts might be expressed at similar levels and coordinately involve
in an intricate regulatory network. These miRNA clusters are usually
derived from polycistrons with lengths from few hundred nucleotides
to almost a million base pairs [20,21]. For instance, the mir-17 cluster
and its paralogous clusters are one of the well-studied cases. In 2004,
Tanzer et al. have tried to reconstruct the phylogenetic evolution of
the mir-17 cluster family mainly in nine metazoan genomes and
have concluded that: (i) mir-17 miRNA cluster consisting of six pre-
cursor miRNAs was within about 1kb distance on chromosome 13
in humans and (ii) at least three paralogous clusters were related to
the mir-17 cluster family, which are mir-17-92, mir-106-92, and
mir-106-25, and governed by tandem duplications [22]. Meanwhile,
several studies have further demonstrated that the mir-17 cluster
family plays an important role in cell proliferation, organism develop-
ment and cancer oncogenesis [23,24]. Although the entire regulatory
mechanisms of clustered miRNA genes remain largely uncharacterized,
it is likely that these miRNA clusters may function more efﬁciently in a
complicated miRNA-mediated network than individual miRNAs alone
[25].
Many resourceswere developed to investigatemiRNA genes. Howev-
er there is no any resource that emphasizes an efﬁcient and comprehen-
sive investigation of miRNA clusters. Formerly, miRNA clusters were
arbitrarily deﬁned by a ﬁxed distance, but there was no report systemat-
ically investigating the conservation patterns of clustered miRNA genes
across metazoan species. In this study, we introduced a data mining ap-
proach to efﬁciently discover highly conserved sets of miRNA genes
uponmiRNA clusters, and to facilitate researches on the conservation pat-
tern of the clustered miRNA genes. Based on our previous homologous
search of miRNA genes in animal genomes, we ﬁrst performed the iden-
tiﬁcation of miRNA clusters (MirClust). This identiﬁcation is based on
miRNA classeswith respect to differentmaximum inter-miRNAdistances
(MIDs) discretely ranging from 1kb to 50kb. Despite the singleton
miRNA classes, we utilized the FP-growth algorithm to efﬁciently discov-
er the conserved co-occurrence of miRNA clusters among the miRNA
clusters deﬁned under the same MID. The FP-growth algorithm is one
of highly efﬁcient data mining methods for discovering frequent
co-occurrence patterns from huge datasets such as biological sequences
and gene-expression data [26]. It has been applied so far to gain insights
into various bioinformatic studies [27–29]. We have now constructed a
database (MetaMirClust) for interrogating the origin and conservation
of miRNA clusters on a species-wide scale (http://fgfr.ibms.sinica.edu.
tw/MetaMirClust/). Researchers can choose proper distances to deter-
mine amiRNA cluster for individual species or speciﬁc miRNA cluster be-
tween different MIDs for comparison. This study is the ﬁrst attempt to
make a feasible dataset for surveying the different recruitments of
miRNA genes in homologous miRNA clusters and for comparison of themiRNA gene compositions/structures of miRNA clusters conserved in
metazoan species.
2. Results
2.1. Clustering of miRNA genes with respect to four different MIDs
The usage instruction of the MetaMirClust database is illustrated at
http://fgfr.ibms.sinica.edu.tw/MetaMirClust/data/tutorial.pdf. Here, con-
secutive miRNA genes located in the same strand of individual chromo-
somes are grouped to constitute a cluster determined by pair-wise
adjacent distances, or MIDs. Supplementary Table S1 presents the num-
ber of identiﬁedmiRNA clusters with respect to four different MIDs in 56
metazoan genomes. Different clusters of miRNA genes may be obtained
when different MIDs were employed to create a cluster. As shown in
Supplementary Table S1, by increasingMIDs from 1kb to 50kb, the num-
ber of miRNA clusters changes from 66 to 100 in the human genome
(hg19). To analyze the proportion of miRNA genes used to form a
miRNA cluster, we divided the number of clustered miRNA genes to all
miRNA genes for individual species. Meanwhile, we chose nine represen-
tative species, which are C. elegans (worm, ce6), Drosophila melanogaster
(ﬂy, dm3), Danio rerio (zebraﬁsh, danRer6), Gallus gallus (chicken, gal-
Gal3), Canis familiaris (dog, canFam2), Bos taurus (cow, bosTau4), Mus
musculus (mouse, mm9), Rattus norvegicus (rat, rn4), and Homo sapiens
(human, hg19), for comparison throughout this study. Fig. 1 illustrates
the proportion of clustered miRNA genes with respect to four different
MIDs. Overall, an average of 15–35% of miRNA genes is densely located
and form clusters in metazoan species. Distinctly, zebraﬁsh and chicken
possess the highest and the lowest frequencies of miRNA genes to form
clusters, respectively. Furthermore, the dramatic increasing densities of
clustered miRNA genes under the MID of 50kb in worm and ﬂy likely
resulted from relatively small genome sizes. With the different selections
of MIDs, a miRNA cluster deﬁned by a long MID could result either by
only merging singleton miRNA genes or by enlarging small miRNA clus-
ters determined in a short MID. Fig. 1 indicates that more singleton
miRNA genes are recruited to join clusters when considering a long
MID. However, in order to clarify the impact of individual factors, we cal-
culated the detailed events for each factor. By comparing miRNA clusters
discovered in a short MID to those in a longer one, three scenarios are
discovered: 1) forming a new miRNA cluster by merging singleton
miRNA genes, 2) enlarging a small miRNA cluster by recruiting singleton
miRNA genes, and 3) producing a large miRNA cluster by merging at
least two small miRNA clusters. As reported in Table 1, the domination
of cases in the ﬁrst and second scenarios over the third scenario indicate
that more singleton miRNA genes are certainly utilized to constitute
miRNA clusters under a long MID, as observed in Fig. 1. Intriguingly,
Fig. 2. Length distribution of miRNA clusters. According to ﬁve interval boundaries de-
termined by investigating the characteristics of cluster lengths in four different MIDs,
this ﬁgure indicates the length distribution of miRNA clusters. All p-values of pairwise
MIDs are less than 2.2e−16, which means the length distributions of miRNA clusters
between pairwise MIDs are signiﬁcantly different.
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genes are apt to generate new miRNA clusters instead of enlarging
miRNA clusters in a short MID. This again supports the idea that miRNA
genes are prone to form clusters, and thosemiRNA clusters are separately
located far away from each other.
2.2. Distribution of miRNA gene counts and lengths for miRNA clusters
HowmanymiRNAgenes are neededwhen constituting amiRNA clus-
ter and how long is enough when determining a miRNA cluster are two
interesting issues of concern. First, to evaluate the average number of
miRNA genes used to constitute amiRNA cluster,we focused on nine rep-
resentative metazoan species under four different MIDs. As elucidated in
Supplementary Fig. S1, inmost cases, 2.5 to 4miRNA genes are utilized to
form a miRNA cluster. Intriguingly, chicken and worm are prone to form
smallermiRNA clusters than othermetazoan species. Combiningwith the
former observation that chicken has a lower frequency to form miRNA
clusters, we believe that chicken possesses less preference on forming
larger or even using miRNA clusters. Instead, miRNA genes in mouse
seem to be located more densely than other species. However, according
to the miRNA clusters deﬁned in the MID of 3kb in mouse, we observed
that one extremely large miRNA cluster with 51,617nt is composed of
71 miRNA genes. Thus, the average count of miRNA genes employed to
produce a cluster in mouse may be over-estimated.
On the other hand, to investigate the length distribution of miRNA
clusters, we drew histograms of cluster lengths, with respect to four dif-
ferent MIDs, to determine group boundaries as illustrated in Supplemen-
tary Fig. S2. According to the characteristics of length distribution, miRNA
clusters are divided into ﬁve groups, namely, short, median, long, very
long and extremely long. Fig. 2 indicates the distribution frequency of
ﬁve groups with respect to four different MIDs. As expected, the choice
of different MIDs affects the length distribution of miRNA clusters. How-
ever, about 36% of relatively short miRNA clusters for short and median
groups are still revealed even when we increased the MID to 50kb.
This implies that the increase of a MID will not inﬂuence those relatively
shortmiRNA clusters once theywere formed.We then investigate the in-
teraction between the number of miRNA genes in a cluster and the
length of a miRNA cluster. As shown in Fig. 3, in a short MID, the length
of a miRNA cluster increases when recruiting more miRNA genes. This
trend still maintains in principle in the long MID of 50kb.
2.3. Conservation patterns of metazoan miRNA clusters
In addition to identifying the clusters of miRNA genes in different
MIDs, this study aims to discover frequent co-occurrence combina-
tions of miRNA genes in terms of miRNA clusters in a conservation as-
pect. By considering miRNA clusters as modules, the FP-growth
algorithm was utilized to identify highly conserved sets of miRNA
genes under a given MID. To illustrate the miRNA clusters deﬁned
through our pipeline, mir-17 cluster and its paralogous clusters are
considered due to their well-known clustering structures as reported
by Tanzer et al. [22]. According to the metazoan miRNA clustersTable 1
Cases in three scenarios of newly identiﬁed miRNA clusters. This table lists the detailed
cases for individual scenarios of newly generated miRNA clusters when considering a
larger MID in human and mouse. The numbers in parentheses indicate the total num-
ber of small miRNA clusters to merge and create a larger miRNA cluster when using a
larger MID.
3kb vs. 1kb 10kb vs. 3kb 50kb vs. 10kb
Human Scenario 1 16 17 26
Scenario 2 7 6 8
Scenario 3 6 (8) 5 (12) 3 (5)
Mouse Scenario 1 12 10 18
Scenario 2 4 4 7
Scenario 3 4 (25) 4 (6) 3 (5)identiﬁed in this study, Table 2 shows a conservation pattern of
three paralogous mir-17 clusters deﬁned by Tanzer et al. Intriguingly,
dog, horse (Equus caballus) and cow (B. taurus) used in this study are
the newly identiﬁed species that possess three paralogous mir-17
clusters in addition to the previously observed human, mouse, and
chimpanzee. In our analysis, the length of the mir-17-92 cluster varies
from 717 (Loxodonta africana) to 1028nt (Gasterosteus aculeatus) in
twenty metazoan genomes, which conﬁrmed the estimation of the
mir-17 cluster length as 1kb reported previously. We also extended the
scope of the mir-106-92 cluster by including an extra miRNA gene of
mir-363 as observed by Landais et al. [30]. We investigated that Pan
troglodytes and Pongo abelii are the two out of twelve species containing
amir-106-92 cluster,which lacks amir-363 gene evenwhenwe increased
theMID from1kb to 50kb. On the other hand, according to the character-
istics of the frequent co-occurrencepatterns discovered,we reconstructed
the miRNA gene orders/architects of related metazoanmiRNA clusters to
inspect recruitment processes. Table 3 illustrates the conservation pattern
of the gene orders of the mir-106-93-25 cluster. In order to inspect the
gain-and-loss of different component miRNA genes in individual species,
we examined the arrangement of miRNA genes as demonstrated in Sup-
plementary Fig. S3. Comparison of the component and order of miRNA
genes in the mir-106-93-25 cluster to those in the mir-93-25 cluster re-
veals that zebraﬁsh usesmir-19 to replacemir-106 to generate the fourth
homologousmir-17 cluster,mir-93-19-25. Currently, there is no known
or predicted mir-106 gene identiﬁed in zebraﬁsh. Although, Xenopus
tropicalis, Monodelphis domestica, and Sorex araneus all possess the
mir-106-92-363 cluster, the absence of mir-106 gene or corresponding
homologous miRNA genes near the mir-93-25 cluster is revealed. Thus,
the MetaMirClust database could be beneﬁcial for researchers interested
in the in-depth investigation of miRNA cluster formation and evolution.2.4. Conservation pattern of metazoan miRNA clusters and their ﬂanking
protein-coding genes
Considering the information of protein-coding genes, which are over-
lapped in genomic locations to amiRNA cluster, we examined the conser-
vation between miRNA clusters and their ﬂanking protein-coding genes.
Fig. 3. Interplay between miRNA gene number in a cluster and cluster length. This ﬁgure exhibits the difference of the length distribution of miRNA clusters with respect to the
number of constituent miRNA genes in a cluster. One and two asterisks indicate that p-values are less than 0.05 and 0.001, respectively.
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clusters and their nearest adjacent coding genes in human and mouse
were used. The result demonstrates that 24 out of 37 genomic regions
were co-conserved between miRNA clusters and their surrounding
protein-coding genes. Nine out of 37 genomic regionswere partially con-
served with either upstream or downstream protein-coding genes. In-
triguingly, all six intronic miRNA clusters were entirely conserved with
their host protein-coding genes. This may suggest that the conservation
pattern could be largely extended frommiRNA clusters to their adjacent
protein-coding genes.
2.5. RT-PCR validation for primary transcripts of miRNA clusters
To validate a miRNA cluster that is expressed as a primary transcript,
RT-PCR was performed to detect the proposed transcripts in these re-
gions. As shown in Fig. 4A, expression of the four miRNA clusters areTable 2
Conservation pattern of three paralogous mir-17 clusters. This table displays the conservatio
mir-106-25. The species identiﬁcation (SID) is the same as that used in Supplementary Fig. S
al. [22]. The total occurrence (TO) is the summation of homologous genomic locations acro
miRNA
cluster
miRNA classes TO SID
26 27 28 29 30 31 32 33 34 35 36 37
mir-17-92 mir-17, mir-18,
mir-19, mir-20,
mir-92
22 1 2 1 1 1 1 1 1
mir-106-92 mir-18, mir-19,
mir-20, mir-92,
mir-106
12 1 1 1
mir-106-25 mir-25, mir-93,
mir-106
15revealed in the surveyed cell lines, thoughwith different distribution pat-
terns andexpression levels. TheMir-101-3671 andmir-25-93-106 clusters
are located within the intronic regions of either JAK1 or MCM7, and with
transcription direction in accordancewith their host genes. These clusters
seem to expressmore commonly inmost of the cell lines. In order to ver-
ify the expression direction of the primary transcript, we conducted
strand-speciﬁc RT-PCR (ss-RT-PCR) to discriminate themir-296-298 clus-
terwhich expresses dominantly in AGS, KatoIII andNK92 (see Fig. 4A). As
illustrated in Fig. 4B, mostly all primary transcripts detected in the
mir-296-298 cluster region by RT-PCR is contributed by the cluster itself,
as resolved by ss-RT-PCR examined in KatoIII.
2.6. Co-expression pattern of human mir-133-1 cluster
The expression pattern of individual miRNA genes in a cluster is an-
other major concern in addition to polycistronic transcript for a cluster.n pattern with respect to three paralogous mir-17 clusters; mir-17-92, mir-106-92, and
2 from D. rerio to P. abelii. SIDs with underlines are from nine species used by Tanzer et
ss all metazoan species.
38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56
1 1 1 1 1 1 2 1 1 1 1 1
1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Table 3
miRNA gene order/structure of mir-106-93-25 clusters. This table shows the gene order/structure of mir-106-25 cluster and their conservation pattern in metazoan species. The
species identiﬁcation (SID) is the same as that used in Supplementary Fig. S2 [38] from D. rerio to P. abelii. The total occurrence (TO) is the summation of homologous genomic
locations across all metazoan species.
miRNA classes TO SID
26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56
mir-25, mir-93, mir-106 15 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
mir-25, mir-93 20 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
mir-93, mir-106 18 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
mir-25, mir-106 15 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
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genes in themir-133-1 cluster were used to illustrate co-expression con-
sequence. When considering the MID of 10kb, mir-133-1 cluster is of
3391bp in length on chromosome 18 from 19,405,659 to 19,409,049 in
humans (hg19). Due to the relatively long length of mir-133-1 cluster,
we searched for ESTs to support the primary transcript ofmir-133-1 clus-
ter instead of conducting an RT-PCR assay. In UCSC Genome Browser,
AF086463 andBX648566 are twoESTs to cover the entire prediction loca-
tion ofmir-133-1 cluster in the same strand. As illustrated in Fig. 5, com-
pared to the correlations with mature genes of miR-9, miR-182, and
miR-196b, miR-133a presents strong signiﬁcant correlation with miR-1
(R^2=0.89 with the p value=1.18e−23), which is a partner miRNA
gene inmir-133-1 cluster. Through the correlation analyses,we illustrated
miRNA clusters in terms of co-expression pattern of component miRNA
genes in a cluster. We only randomly selected limited numbers of
miRNAs for examination here. Additional advanced experiments using
high-throughput platforms are needed to systematically interrogate
the expression association with miRNA cluster genes.
3. Discussion
Previous studies of non-coding RNA have observed that somemiRNA
genes possess the clustering propensity [31,32]. Intriguingly, recent stud-
ies have demonstrated that miRNA clusters often consist of two or three
miRNA genes that share high similarity in sequences and are located ad-
jacently on the genome [18,19,22]. Among public domain sources, the
miRBase database is one of the primary repository resources for collecting
miRNA genes through experimental and computational identiﬁcation.
For clustering, it simply reveals that the adjacent miRNA genes are re-
stricted to a ﬁxed distance of 10kb. No advance information related toFig. 4. Expression veriﬁcation of miRNA cluster regions deﬁned in the MetaMirClust dat
mir-101-3671, mir-25-93-106, mir-296-298 and mir-599-875 in 10 human cell lines. Arrows
dicated by “−”. “+” is for positive control with human placenta genomic DNA added as PC
Excess primers run at the gel front are also seen inmir-599-875 row. (B) Strand-speciﬁc prim
as a cluster region located in genome are shown as thick arrows, the postulated primary tran
targets on either of the two possible transcription directions in this cluster region are denot
verse”. PCR was performed using primer pair F and R. The arrow at the left image indicates
and random hexamer used in RT. no-RT indicates which RT reaction proceeded without rev
100bp DNA ladder is applied as molecular weight marker, M.miRNA clusterswas tendered inmiRBase. On the other hand, themiRGen
database is another integrated resource presenting genomic information,
target prediction, and cluster identiﬁcation of miRNA genes [33]. In the
cluster interface, they recognized miRNA clusters according to the
inter-miRNA distance provided by users. Likewise, no detailed informa-
tion about miRNA clusters was rendered to investigate the evolutionary
conservation between miRNA clusters across species.
Meanwhile, it may result in an inadequate investigation of miRNA
clusters by merely considering the adjacent miRNA genes in a ﬁxed
MID. For instance, when browsing mir-1912 in miRBase, we observed
that an adjacent downstream miRNA gene, mir-1264, is conserved to
form a cluster in ﬁve species. Likewise, under the MID of 50kb in the
MetaMirClust database, we revealed that mir-1912 is conserved not
only with its adjacent downstream mir-1264, but also with its adja-
cent upstream mir-764 in the same ﬁve species. However, we further
identiﬁed eight other species in which mir-1912 is conserved only
with its adjacent upstream miRNA gene, mir-764, but without
mir-1264 in the downstream. Compared to the conservation level of
mir-764-1912, the identiﬁcation of mir-764-1912-1264 may due to
the gain and loss of mir-1264. Therefore, the MetaMirClust database
can provide additional cross evolution information for miRNA cluster
investigation comparing to current databases for biologists.
Moreover, to facilitate inspection of the miRNA cluster conserva-
tion pattern, this study is motivated to provide efﬁcient and compre-
hensive examination of miRNA clusters across metazoan species in an
evolutionary conservation aspect. Under a givenMID, users can identify
frequent co-occurrence combinations of miRNA genes across different
metazoan species. Moreover, according to the characteristics of fre-
quent co-occurrence patterns revealed by the FP-growth algorithm,
we could further inspect the different arrangements and gain-and-lossabase. RT-PCR assays for the detection of miRNA clusters are shown. (A) RT-PCR of
indicate the expected size and location of each PCR product. PCR negative control is in-
R template. GAPDH monitors the normal gene expression in the cells (panel bottom).
ary transcript identiﬁcation ofmir-296-298 cluster in KatoIII. Precursor miRNAs formed
script unit is designated as a dashed line. Primers speciﬁcally designed for priming RNA
ed with the preﬁx “ss”, while “F” denotes the “forward” direction and “R” denotes “re-
the position of PCR products. T20 and N6 specify the universal 20-mer oligo dT primer
erse transcriptase. PCR negative and positive controls are indicated the same as in (A).
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Fig. 5. MicroRNA cluster co-expressed in 48 individual colon tissues. Normal colon tissues from 48 colon patients were examined by quantitative stem-loop PCR method. U6 was
used as an internal control to normalize the target expression levels (ΔCt=targetCt−U6Ct). The correlation scatter plot of miRNA expression is illustrated and correlation coefﬁ-
cient R squared is calculated: miR-133a and miR-1 expression (R^2=0.89) (A); miR-133a and miR-9 (R^2=0.25) (B); miR-133a and miR-187 (R^2=0.46) (C); miR-133a and
miR-196b (R^2=0.77) (D).
146 W.-C. Chan et al. / Genomics 100 (2012) 141–148of componentmiRNA classes in clusters. For instance, by comparing the
miRNA gene orders/architects of the mir-93-25 cluster family, the
mir-93-19-25 cluster is newly identiﬁed as a paralogous cluster in the
mir-17 family through the analysis pipeline. Hence, one would expect
that those related miRNA clusters involving different recruitments of
miRNA genes might have diverse functions that rely on the collective
properties of distinct constituent miRNA genes.
Since a substantial fraction of miRNA genes are likely to form clusters
and share sequence similarity, it is possible to revealmiRNA geneswithin
conserved clusters across species. In 2005, Berezikov et al. attempted to
discover miRNA genes in humans from other primate species by using a
phylogenetic shadowing approach [34]. According to the same concept
of identifying missing miRNA genes by evolutionary conserved regions,
the MetaMirClust database can offer new clues in searching for new
miRNA genes through miRNA clusters. Moreover, in addition to our ob-
servation between miRNA clusters and ﬂanking protein-coding genes,
wemay further identify an extended genomic conserved region including
miRNA clusters and protein-coding genes based on the concept of
synteny.
4. Conclusions
Although current public databases and previous studies have
managed to recognize miRNA clusters on a restricted and arbitrary
deﬁned manner, our study provides not only a comprehensive inves-
tigation of clustered miRNA genes but also the feasibility of examin-
ing the conservation pattern of miRNA clusters across metazoan
genomes. Distinctive features of this study include: (i) an efﬁcient discov-
ery of evolutionarily conservedmiRNA clusters, (ii) an extensive study ofmiRNA cluster properties in ﬁfty-sixmetazoan species, (iii) a potential in-
terrogation of recruitment process of miRNA genes in paralogous cluster
families, including identiﬁcation of new paralogous clusters in a family.
Meanwhile, we further conducted a series of biological experiments to
validate the notion that a miRNA cluster is transcribed in a polycistronic
transcript and is also co-expressed in themature form level. Subsequent-
ly, this study could further promote studies on miRNA clusters such
as biological functions ofmiRNA circuitry networks and transcription reg-
ulatory elements of these clustered miRNAs. All results obtained in this
study are available to browse on-line through http://fgfr.ibms.sinica.edu.
tw/MetaMirClust/ or in Supplementary Data S1.
5. Materials and methods
5.1. Homology search of miRNA genes
A comprehensive understanding ofmiRNA clusterswill require an ex-
tensive survey of the coverage of miRNA genes in genomes. Most current
miRNA genes were identiﬁed through cloning and sequencing of
small-RNA libraries. However, miRNA genes could be overlooked due to
low expression levels. On the other hand, computational prediction and
high-throughput sequencing platform are two successful approaches to
detect low-abundance miRNA genes. The source data used in this study
were based on known miRNA genes reported in miRBase (release 16:
Sept 2010) and predicted homologous miRNA genes, which were
obtained by applying our previously developed computational pipeline
on 56 animal genomes [35]. Based on the characteristics of sequence-
and structure-conservation of miRNA genes, we proposed a three-step
machine learning approach to enlarge the homologous miRNA genes.
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similarity with same preﬁx of their entry names without considering
the species abbreviations used in miRBase. As a result, we obtained
3148 classes and 7719 unique mature miRNAs as the seeds for detecting
homologous miRNA genes. The three steps are (i) discovering homolo-
gous mature miRNAs in metazoan genomic sequences; (ii) ﬁltering
whether the regions centered by mature miRNA candidates could form
hairpin structures and (iii) predicting whether hairpin structures could
become precursor miRNA candidates by a SVM classiﬁer. Consequently,
we identiﬁed an additional 14,989 homologous precursor miRNA candi-
dates in 56 genomes according to 11,839 animal miRNA entries reported
in miRBase 16.0.
5.2. Identiﬁcation of miRNA clusters (MirClust)
Recent advances suggest that the clustering propensity of miRNA
genes is higher thanpreviously evaluated, and there is a growing recogni-
tion that these clusteredmiRNAgenes onpolycistronic transcriptsmaybe
needed for efﬁciently regulating diverse biological processes [19,36–39].
In order to investigate clustered miRNA genes derived from the same
polycistronic transcript, we adopted adjacent miRNA genes located in
the same strand to form miRNA clusters throughout this study. Two or
more consecutivemiRNA genes in the same strand of individual chromo-
somes are considered to form a cluster according to their adjacent dis-
tance. Maximum inter-miRNA distance (MID) performed throughout
this work has been previously proposed as a criterion to identify miRNA
clusters [14,18,19,22,25,40]. Four commonly used MIDs in previous
works, 1kb, 3kb, 10kb, and 50kb were selected. Based on the miRNA
genes revealed in the previous step, we fulﬁlled the annotation of
miRNA clusters (MirClust) with respect to differentMIDs in 56metazo-
an species.
5.3. Discovery of metazoan miRNA clusters by FP-growth algorithm
Previous works only focused on studying the evolutionary and func-
tional implications of limited speciﬁc miRNA clusters among a few spe-
cies. No systematic and efﬁcient approach has been performed to
analyze the conservation pattern of miRNA clusters on a global scale. To
analyze the conservation level of the clusters of miRNA genes in large
numbers of metazoan genomes, we adopted a data mining approach to
discover the conserved co-occurrence modules of miRNA genes upon
miRNA clusters in the same MID. Despite singleton miRNA clusters as
identiﬁed in MirClust, we conducted the analysis by utilizing the
FP-growth algorithm implemented by Borgelt [41] to detect the con-
served co-occurrence sets ofmiRNA genes in terms ofmiRNA clusters de-
ﬁned within the same MID. These frequent co-occurrence sets present
highly conserved combinations of miRNA genes through miRNA clusters
in metazoan species, which are deﬁned as metazoan miRNA clusters. In
order to investigate the recruitment process between miRNA clusters,
we also established the miRNA gene order/architect of related conserved
miRNA clusters. Users can directly select anymiRNA gene of their interest
from the miRNA list and obtain the miRNA cluster information (http://
fgfr.ibms.sinica.edu.tw/MetaMirClust/MetaMirClustSearch.php).
5.4. Investigation of conservation between miRNA clusters and ﬂanking
protein-coding genes
To test whether miRNA clusters are co-conserved with their
ﬂanking protein-coding genes, we investigated the linkage of known
protein-coding genes in the vicinity of conserved miRNA clusters be-
tween human and mouse. We focused only on the nearest adjacent
known genes located in the same-strand up- and down-stream re-
gions of conserved miRNA clusters between human and mouse. The
genomic information of the protein-coding genes in human (hg19)
andmouse (mm9) were downloaded from the UCSC Genome Browser
[42]. In addition, the liftOver program (http://genome.ucsc.edu/cgi-bin/hgLiftOver) provided by the UCSC Genome Browser was utilized
to map genomic locations between human and mouse when multiple
locations of a conserved miRNA cluster occur. The homologous annota-
tions between known protein-coding genes were identiﬁed according
to the HomoloGene release 64 from NCBI (http://www.ncbi.nlm.nih.
gov/homologene).
5.5. Preparation of cell lines and RNAs
Human cell lines from 6 gastric and other 4 from various tissue types
are used [35]. AGS, AZ521, HR, KatoIII, NUGC and SC-M1 belong to gastric
carcinoma; whereas MIA Paca-2, HL60, NK92 and HepG2 belong sepa-
rately to pancreatic carcinoma, leukemia, lymphoma and hepatocellular
carcinoma. Total RNAs were extracted from the cell lines by TRIzol re-
agent (Invitrogen). The RNAs were subsequently subjected to DNaseI
(Roche) digestion to eliminate the possible retained genomic DNA, with
20U DNaseI per 100μg RNA for 30min at 37°C. After the nuclease treat-
ment, the RNAswere then re-extracted by TRIzol-LS reagent (Invitrogen),
and ﬁnally dissolved in DEPC-treated water.
5.6. Complementary DNA preparation and primers and
polymerase-chain-reaction
Each cDNA was generated with SuperScriptIII reverse transcriptase
(Invitrogen) and the related components according to the man-
ufacturer's suggestion. 2μg of total RNAwas used per sample in each re-
verse transcription (RT) reaction. For routine cDNA preparation, the
RNA was primed either by 20-mer oligo dT or random hexamer as the
RT primer. For strand-speciﬁc (ss) RT, gene-speciﬁc primer was used
to prime the RNA. After the synthesis reaction, cDNA was diluted 10×
for subsequent usage. For the consideration of PCR performance, we se-
lected miRNA clusters with whole cluster region below 1.5kb. Primers
were designedwithin or near the region of the selectedmiRNA clusters,
and employed in the PCR reaction. Generally, 1.5μl of the diluted cDNA
was used in each 15μl PCR reaction, and the ampliﬁcation process was
carried on rTaq DNA polymerase (Takara). The thermal cycle condition
was: 3min at 94°C, followed by 40cycles of 20s at 94°C, 30s at 58°C
and 30s at 72°C, while 25 thermal cycles were used for GAPDH. The
PCR products were run on conventional TAE-agarose gel electrophore-
sis and visualized by ethidium bromide staining.
5.7. MiRNA extraction and stem-loop RT-qPCR
To investigate the expression pattern of constituent miRNA genes in
themir-133-1 cluster in humans, total RNA of adjacent normal colon tis-
sues was extracted from 48 individual patients using TRIzol (Invitrogen)
following the manufacturer's protocol. RNA pellets were dissolved in
DEPC-treated H2O. Total RNA (1μg) was reverse-transcribed with
miRNA-speciﬁc stem-loop RT primers and randomhexamer using Super-
Script III Reverse Transcriptase (Invitrogen). The RT reaction was per-
formed with the following incubation conditions: 30min at 16°C,
followed by (20°C/30s, 42°C/30s, 50°C/1s) for 50cycles. The enzyme
was subsequently inactivated by incubation at 85°C for 5min. The
cDNA was 10× diluted for subsequent real-time PCR analysis. MiRNA
expression was examined with miRNA speciﬁc primer using a SYBR
Green I assay (Applied Biosystems, Foster City, CA, USA) and the ex-
pression levels of miRNAs were normalized to that of U6 (ΔCt=target
miRNA Ct-U6 Ct).
5.8. Primer sequences used in this study
MiRNA cluster validation:
mir-101-3671-forward 5′-GCTCAGTTATCACAGTGCTGATGCTG-3′
mir-101-3671-reverse 5′-ATCACTGCAGACTAGTCCTTATTTGATAGA
AATAA-3′
148 W.-C. Chan et al. / Genomics 100 (2012) 141–148mir-25-93-106-forward 5′-CTAAAGTGCTGACAGTGCAGATAGTGG-3′
mir-25-93-106-reverse 5′-CTGTCAGACCGAGACAAGTGCAATG-3′
mir-296-298-forward 5′-AGGGAGGTTCTCCCAGTGGTTTTC-3′
mir-296-298-reverse 5′-CTCTGAATTAGGCACAACAGGATTGAG-3′
mir-599-875-forward 5′-AGTGGTACTATACCTCAGTTTTATCAGGTG-3′
mir-599-875-reverse 5′-AGAATCCCTGTCCCATGTCAGCTTAT-3′
mir-296-298 ss primers:
mir-296-298-ss forward 5′-CTAGGCTGGTTAGATTTGTGGTCTTCTT-3′
mir-296-298-ss reverse 5′-AGACCTGGCATGCTGTGAGGTC-3′
Mature miRNA gene validation:
miR-1-RT: 5′-CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGATA
CATAC-3′
miR-1-GSF: 5′-CGGCGGTGGAATGTAAAGAAGT-3′
miR-133a-RT: 5′-CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAG
CAGCTGGT-3′
miR-133a-GSF: 5′-CGGCGGTTTGGTCCCCTTCAAC-3′
miR-9-RT: 5′-CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGTCA
TACAG-3′
miR-9-GSF: 5′-CGGCGGTCTTTGGTTATCTAGC-3′
miR-187-RT: 5′-CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGC
CGGCTGC-3′
miR-187-GSF: 5′-CGGCGGTCGTGTCTTGTGTTGC-3′
miR-196b-RT: 5′-CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAG
CCCAACAA-3′
miR-196b-GSF: 5′-CGGCGGTAGGTAGTTTCCTGTT-3′
Supplementary data related to this article can be found online at
http://dx.doi.org/10.1016/j.ygeno.2012.06.007.
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